The two-step process including the deposition of the metal precursors followed by heating the metal precursors in a vacuum environment of Se overpressure was employed for the preparation of Cu(In,Ga)Se 2 (CIGS) films. The CIGS films selenized at the relatively high Se flow rate of 25 Å/s exhibited improved surface morphologies. The correlations among the two-step process parameters, film properties, and cell performance were studied. With the given selenization conditions, the efficiency of 12.5% for the fabricated CIGS solar cells was achieved. The features of co-evaporation processes including the single-stage, bi-layer, and three-stage process were discussed. The characteristics of the co-evaporated CIGS solar cells were presented. Not only the surface morphologies but also the grading bandgap structures were crucial to the improvement of the open-circuit voltage of the CIGS solar cells. Efficiencies of over 17% for the co-evaporated CIGS solar cells have been achieved. Furthermore, the critical factors and the mechanisms governing the performance of the CIGS solar cells were addressed.
Introduction
The CIGS-based films are commonly prepared by the two-step or co-evaporation processes, where the two-step process is also called the sulfurization after selenization (SAS) process [1] . The thin-film CIGS solar cells have reached efficiencies of over 20%, where the CIGS films were prepared by the co-evaporation method [2] [3] [4] [5] . Recently, efficiency of 22.9% for the laboratory-scale CIGS-based solar cells prepared by the two-step process was reported [6] . The efficiency of the champion CIGS solar cell has surpassed that of the polycrystalline Si solar cells [6] . Besides the vacuum processes, the non-vacuum processes including the printing [7] , electrodeposition [8] , and solution-processed [9] techniques have been applied to deposit device-quality CIGS films. The efficiencies of the CIGS solar cells prepared by these non-vacuum processes have exceeded 15% [8, 9] . The printing method has even achieved efficiency of 17.1% [7] . In addition, a low-temperature pulsed electron deposition method for the growth of CIGS films was reported, by which a conversion efficiency of 17.0% for the CIGS solar cell was obtained [10] . Among various deposition methods, the two-step and co-evaporation processes have been widely employed for mass production of the large-scale CIGS-based modules [11, 12] . Another favorite approach in CIGS industry is the rapid thermal process (RTP), in which a thin Se layer is first capped on the top of metal precursors, CuInGa compounds, and then the diluted H 2 S gas is supplied to simultaneously sulfurize and selenize the precursors to form the Cu(In,Ga)(S,Se) 2 (CIGSS) films in an RTP furnace [13] .
The two-step process for the preparation of the CIGS films can be easily scaled up for mass production. In order to achieve high-performance, the two-step process typically employs H 2 Se gas to selenize the metal precursors. However, H 2 Se gas is fatally toxic and flammable. The processing of H 2 Se must be handled with extreme caution. Alternatively, the two-step process can be conducted by using less toxic Se vapor. In order to take advantage of the less toxic elemental Se source and understand the factors impacting the performance of CIGS solar cells prepared with Se vapor, the dependence of the process conditions on the resulting characteristics of the CIGS films were explored in this research. Moreover, the CIGS solar cells prepared by the two-step process were fabricated and characterized.
The co-evaporation process is a superior approach for the fabrication of CIGS-based solar cells with respect to device performance, although high efficiencies can also be achieved with the two-step process. Furthermore, the co-evaporation method provides the most flexible capabilities to develop the different deposition procedures for the growth of the CIGS films, such as the bi-layer process [14, 15] and three-stage process [16] . Not only can the precise control of the compositions for the as-deposited CIGS films be easily achieved, but also the grading bandgap structures, resulting from various depth profiles of Ga distribution within the CIGS films, can be realized by using the co-evaporation process. In this study, the characteristics of CIGS films deposited by different co-evaporation processes including the single-stage, bi-layer, and three-stage processes were analyzed, and their impacts on the performance of CIGS solar cells were discussed. The correlations of the deposition process, film properties, and cell performance were investigated.
Experimental Details

CIGS Film Preparation and Device Fabrication
The CIGS films were prepared by the two-step process which consisted of the preparation of the metal precursors followed by heating the metal precursors in an environment containing an overpressure of Se vapor. The metal precursors of a stack of CuGa and In layers were sequentially sputtered on the Mo coated glass substrates for the first step. The metal precursors were then selenized by evaporating the solid Se source to maintain the overpressure of Se vapor in vacuum. A thermal evaporation system equipped with a Knudsen-type effusion cell for the evaporation of Se source was employed to selenize the metal precursors. During the selenization, the process was conducted by heating the metal precursors with two sequential stages including an initial low-temperature stage and a subsequent high-temperature stage.
The thermal evaporation system, the same system used for the two-step process, consists of four Knudsen-type effusion cells of Cu, In, Ga, and Se and is also employed for the co-evaporation of the CIGS films. To control the overall compositions and the element distributions of the as-deposited films, the metal fluxes of Cu, In, and Ga were monitored by electron impact emission spectroscopy (EIES, Sigma Instruments, Butler County PA, USA), and the Se flux rate was detected by quartz crystal microbalance (QCM, Sigma Instruments, USA)during the deposition. After the deposition was completed, the samples were cooled down under an overpressure of Se vapor maintained in the chamber until the substrate temperature dropping down to 200 • C. The deposition time was adjusted to acquire the film thicknesses of approximately 2~2.5 µm.
The CIGS solar cells with a device structure of glass/Mo/CIGS/CdS/i-ZnO/Al doped ZnO/MgF 2 were fabricated. The back contacts of Mo, CIGS, buffer CdS, intrinsic ZnO (i-ZnO), Al doped ZnO (ZnO:Al) layers were sequentially deposited by sputtering, two-step or co-evaporation, chemical bath deposition (CBD), and sputtering processes, respectively. The size of total area for each cell was 0.43 cm 2 . A bilayer of Ni and Al films was employed as the metal grids of the cells, which covered 5% of the total cell area. The anti-reflection layers of MgF 2 were finally deposited by the e-beam process.
Film and Device Characterization
The crystal structures and composition of the as-deposited films were characterized by X-ray diffraction (XRD) and inductively coupled plasma optical emission spectrometer (ICP-OES, model number: Optima 7000 DV, PerkinElmer, Waltham, MA, USA), respectively. The morphologies and cross-sectional views of the deposited films were studied by scanning electron microscopy (SEM, JSM-7000F JEOL Ltd., Tokyo, Japan). The depth profiles of element distribution within the CIGS films were measured by secondary ion mass spectrometry (SIMS, IMS-6f, CAMECA, Pairs, France). The photo-current-voltage (I-V) measurements of CIGS solar cells were performed under the Standard Reporting Conditions (SRC) specifying the total radiation level of 100 mW/cm 2 , device temperature of 25 • C, and reference spectral radiance distribution of AM1.5G.
Results and Discussion
Two-Step Process
The heating profile of the two-step process to selenize the metal precursors is illustrated in Figure 1a . The heating temperatures of the first selenization stage were in the range of 200 • C to 350 • C for 10-50 min, and those of the second selenization stage were in the range of 400 • C to 580 • C for 10-80 min. After the selenization stages were completed, without using the cooling system, the samples were directly cooled down under the Se vapor until the substrate temperatures dropped to 200 • C. The current density-voltage (J-V) results of a CIGS solar cell prepared by the two-step process are given in Figure 1b (a) Temperature profile of metal precursors during selenization for two-step process, (b) J-V characteristics of a CIGS solar cell prepared by the two-step process, (c) the derivative of dJ/dV for the determination of the shunt characteristics, (d) the derivative of dV/dJ in forward bias with fit used to determine the series resistance and the diode ideality factor, and (e) ln(J + J SC − GV) with fit used to determine the reverse saturation current density and the diode ideality factor. (Eff. and Eff. active denote the total-area efficiency and active-area efficiency, respectively).
The J-V characteristic behavior of the CIGS solar cells is depicted by an equation of the single-diode model as follows [17] .
where J 0 , A, R S , G, and J L are the saturation current density, diode ideality factor, series resistance, shunt conductance, and photocurrent density, respectively. In addition, q is the electron charge, k is the Boltzmann's constant, T is the temperature, and V is the voltage. The general single exponential diode equation was employed to analyze the dark and light J-V data, and the diode parameters including the series resistance and shunt resistance (R Sh ) were solved following the approach described in the literature [17, 18] . The diode parameters of the CIGS solar cell in the dark and under illumination are summarized in Figure 1c -e. The plot of the derivative, dJ/dV, for the determination of the shunt characteristics is shown in Figure 1c . The plot of dV/dJ against (J + J SC ) −1 is shown in Figure 1d .
A linear fit to the data in the forward bias gives the intercept of R S and the diode ideality factor was determined from the slope of the fitted straight line. With a correction for G, the plot of ln(J + J SC − GV) versus voltage with a correction for the series resistance (see Figure 1e ). The intercept of the fitted line in the linear region of the data gives the reverse saturation current density. The precursors with the low or high Ga contents were prepared and they were then selenized at the low selenium flow rate of 15 Å/s or the high selenium flow rate of 25 Å/s. The corresponding atomic ratios of the bulk compositions for the selenized CIGS films are listed in Table 1 . For the preparation of CIGS films, the thicknesses of CuGa and In layers of the metal precursors were tuned in order to obtain slightly Cu-poor CIGS films in terms of the device-quality films. For the results shown in Table 1 , the atomic ratios of Cu for the as-prepared CIGS films ranged from 21.4% to 22.8%, resulting in the Cu/(Ga + In) (CGI) ratios varying from 0.77 to 0.84. Additionally, it is clear that the high selenium atomic ratios of around 51% or more could be achieved by employing the higher selenium flow rate of 25 Å/s for either the low or high Ga-content metal precursors. After selenization, the low and high Ga-content metal precursors were turned into the CIGS films with Ga/(Ga + In) (GGI) ratios of 0.18 and 0.25, respectively, as shown in Table 1 . The bandgap energies of the CIGS films with the GGI ratios of 0.18 and 0.25 were estimated around 1.11 eV and 1.14 eV, respectively [19] . Although typically the bandgap energies of around 1.4-1.5 eV, which could be achieved by further increasing the Ga contents for the CIGS films, are ideal for the photovoltaic devices under the solar spectrum of AM1.5G, the high Ga contents lead to the formation of the deep-level defects, degrading the performance of the CIGS solar cells [20] . From the aspects of compositions for the device-grade CIGS films, the CGI and GGI ratios of the as-prepared CIGS films were within the preferable ranges. 
Sample
No.
Se Flow Rate
Composition (at %) Cu/(Ga + In) The composition data is shown in Table 1 , the performance parameters of the CIGS solar cells fabricated from the selenized CIGS films are displayed in Table 1 as well. The current density-voltage characteristics of the best CIGS solar cell fabricated with the given selenization conditions is presented in Figure 1b , where the process conditions were 15 min at 300 • C for the first stage and 35 min at 570 • C for the second stage. The total-area efficiency of 11.8% was achieved, and the active-area efficiency of this CIGS solar cell was 12.5%.
Under the condition of illumination, the value of the diode ideality factor for the CIGS solar cells is 1.85, suggesting that the space-charge region (SCR) recombination was still dominant in the cell. The value of the parasitic resistance, namely the series resistance, is greater in the dark condition than that under illumination. Since there is a dependence of the series resistance on the derivative of dJ/dV, which is the slope of the J-V curve, in the first quadrant. A greater slope of the J-V curve in the first quadrant leads to smaller series resistance and vice versa. Due to the different slopes of the J-V curves in the first quadrant for the dark and light conditions, a crossover between light and dark J-V curves occurred in the first quadrant, which is often observed in the CIGS solar cells. This effect, resulting from the conduction barrier produced between the CIGS and CdS layers, has been reported [21, 22] .
As the SEM images show in Figure 2 , for the metal precursors of either the low or high Ga contents, the number of voids was significantly decreased for the CIGS films selenized at the high selenium flow rate. The compact, dense, and well-faceted grains were obtained for the CIGS films selenized at the high selenium flow rate, which is beneficial to the surface morphology of the CIGS films. The deposition of the CIGS films was followed by the growth of the CdS buffers. Since the CIGS films prepared at the high Se flow rate had improved surface morphologies, as illustrated in Figure 2 , a better coverage of buffers on the smoother CIGS films could be formed, leading to the diminishment of the shunt path for the fabricated solar cells. Thus, both open-circuit voltage (V OC ) and fill factor (FF) of the low and high Ga content CIGS solar cells prepared at the high Se flow rate of 25 Å/s were enhanced, as shown in Table 1 . Attributed to the fewer voids and the improved surface morphology of the CIGS films prepared at the high Se flow rate of 25 Å/s, the conformal coverage of the chemical-bath-deposited buffer layers formed on the CIGS surface led to the preferable interface properties between the buffers and CIGS films as well as the improved junction properties for the CIGS solar cells. As illustrated in Figure 3a , the CdS buffer provided good coverage on the CIGS film selenized at the Se rates of 25 Å/s. The shunt path from the CIGS films to the top contacts was thus effectively restrained. With fewer voids on the surface of the CIGS films selenized at the Se rates of 25 Å/s as the samples (c) and (d) shown in Figure 2 , the carrier recombination around the junction region of the CIGS solar cells was suppressed. Hence, for the samples (c) and (d) shown in Table 1 , the open-circuit voltage was further improved. Besides considering the coverage of the buffers, the thicknesses of buffers were optimized to maintain the high transmission by controlling the deposition time during the CBD process as well. The cross-sectional view of the complete structure of CIGS solar cells is shown in Figure 3b .
As shown in Table 1 , the dependence of the open-circuit voltage on the Ga contents of the CIGS films was evident. For the films selenized at the same Se flow rates of 15 Å/s or 25 Å/s, the cells (b) and (d) had the larger open-circuit voltages, resulting from the wider bandgap of the CIGS films with a higher GGI ratio of 0.25. However, the short-circuit current densities (J SC ) were just slightly decreased with the increase of the Ga contents in the CIGS films. The reasons were twofold. The bandgap energies near the surface region of the low and high Ga content CIGS films were nearly the same because Ga was piled up around the back region of the CIGS films, as shown in Figure 4 . Moreover, most of the incident photons were absorbed near the surface region of CIGS solar cells. Therefore, for the CIGS films prepared at the same Se flow rates, the short-circuit current densities of the high Ga content CIGS solar cells prepared did not drop dramatically. For the fabricated CIGS solar cells with the GGI ratios around 18% and 25%, corresponding to the estimated bandgap energies of 1.11 eV and 1.14 eV, respectively, the achieved short-circuit current densities were exceedingly high, and the open-circuit voltages were much smaller than expected. The main mechanism responsible for the high J SC as well as the low V OC could be attributed to the accumulated Ga content near the Mo contacts. Figure 4 shows the SIMS depth profile of composition distribution for the CIGS film with a Ga/(Ga + In) ratio of 0.25 selenized at the Se flow rate of 25 Å/s. Similar results of Ga accumulation near the Mo/CIGS interface for the two-step process were reported [23] [24] [25] [26] . Due to the accumulation of Ga around the bottom of CIGS films, as shown in Figure 4 , the bandgap energy around the surface region of CIGS films is close to 1.02 eV, resulting from the very low Ga content near the space charge region of the cells. This low bandgap energy of about 1.02 eV around the space charge region led to the low open-circuit voltages and high short-circuit current densities of the fabricated CIGS solar cells prepared by the given selenization conditions.
Effects of Ga Content on the Co-Evaporated CIGS Solar Cells
The composition of CIGS films plays a key role in governing the semiconductor properties of the as-deposited films. The impacts of composition on the characteristics of CIGS solar cells prepared by single-stage and three-stage processes were investigated and discussed as follows. The dependence of the performance parameters on the CGI and GGI ratios of the CIGS films prepared by the single-stage process is presented in Figure 5 . In accordance with the pseudobinary In 2 Se 3 -Cu 2 Se equilibrium phase diagram [27] , the atomic percentages of Cu contents in the device-quality CuInSe 2 films, namely the α-phase chalcopyrite, are about from 22% to 24.5% instead of stoichiometry of 25% at the growth temperature of 450 • C to 600 • C. For the chalcopyrite CIGS films, the Cu ratios are allowed to extend to the wider ranges due to the presence of Ga and Na species in the films, but the Cu-rich phases are still prohibited. The CGI ratios of the CIGS films were employed as a variable to investigate their impacts on the performance of the CIGS solar cells. For the given range of CGI ratios from 0.68 to 0.94, the open-circuit voltage, short-circuit current density, and fill factor increased in the increase of CGI ratios as exhibited in Figure 5 . The XRD results indicated that the full width at half maximum (FWHM) of the preferred (112) peaks decreased with the CGI ratios of the CIGS films, suggesting that the CIGS films with the greater CGI ratios had improved crystallinity. The CIGS films with CGI ratios exceeding 0.94 showed the second phases of Cu-rich compounds, which did not favor the performance of the photovoltaic devices due to the conductive nature of the second phases. On the other hand, the Ga contents directly influence the bandgap energies of the CIGS films. As illustrated in Figure 5 , the open-circuit voltage increased and the short-circuit current density decreased for the CIGS solar cells with the GGI ratios from 0.26 to 0.47, corresponding to the bandgap energies from 1.15 eV to 1.28 eV [19] . For the given deposition conditions, the optimal performance was achieved for the GGI ratio of 0.38 corresponding to the bandgap energy of 1.22 eV [19] . For the three-stage process, the Ga flux rates were varied to investigate the effects of Ga content near the surface regions of the CIGS films on the performance parameters. As shown in Table 2 , the more Ga content for the CIGS films deposited with the higher Ga flux rates during the third stage, the greater the open-circuit voltages. Although the open-circuit voltage could be improved by increasing the Ga contents around the surface region of CIGS films, further increasing the barrier height hindered the minority carrier transportation. The fill factor of the devices started to decrease when the Ga flux rate reached 0.55 Å/s. With the highest Ga flux rate of 0.55 Å/s for the third stage, more deep-level recombination centers were created around the junction region [20] , which resulted in the increase of the recombination rate revealed by the increase of reverse saturation current density, as shown in Table 2 . Therefore, the open-circuit voltage dropped for the films prepared with the highest Ga flux rate of 0.55 Å/s. The short-circuit current density slightly decreased with the increase of the Ga flux rates during the third stage. 
Characteristics of CIGS Solar Cells Prepared by Various Deposition Processes
With respect to the co-evaporation methods, we employed various approaches including the single-stage, bi-layer, and three-stage processes to deposit the CIGS films. The graphic presentation of the co-evaporation processes for the profiles of the element flux rates and deposition temperatures are presented in Figure 6 . In order to avoid the ambiguity caused by the composition issue, the compositions of the films deposited by various evaporation processes were maintained at the CGI ratio of around 0.88, and the thicknesses of the films were kept around 2 µm, as shown in Figure 6 . The detailed deposition conditions of each process are exhibited. The Cu, In, Ga, and Se deposition rates and the substrate temperatures were remained constant for the single-stage process [28] , as depicted in Figure 6a . The bi-layer process, which consists of two deposition stages, was developed by Boeing company [14, 15] . As illustrated in Figure 6b , the Cu-rich film was deposited for the first stage, during which the grain growth could be enhanced. Sequentially, the Cu-poor film was then deposited to attain the overall composition of the slightly In-rich CIGS films. Not only can the large grain size of the as-deposited films be achieved, but also the composition of the films can be precisely controlled by varying the deposition time of the second stage. For the three-stage process [16] , as displayed in Figure 6c , the InGaSe layers were initially formed as the solid foundation of the resulting CIGS films during the first stage. The films were then recrystallized and transformed into the CIGS films for the supply of the Cu and Se fluxes during the second stage until the overall composition of CIGS films became slightly Cu-rich. Finally, the InGaSe layers were deposited to compensate the Cu-rich compositions converting the films to the slightly In-rich chalcopyrite phases. Figure 6 . (a) Graphic presentation of single-stage process parameters, SEM micrographs of surface morphologies, and cross-sectional views of CIGS films prepared by single-stage process, and performance parameters, (b) Graphic presentation of bi-layer process parameters, SEM micrographs of surface morphologies, and cross-sectional views of CIGS films prepared by the bi-layer process, and performance parameters, and (c) Graphic presentation of three-stage process parameters, SEM micrographs of surface morphologies, and cross-sectional views of CIGS films prepared by the three-stage process, and performance parameters.
As illustrated in Figure 6 , the compact and dense films were achieved for all evaporation processes. The XRD results indicated the strong (112) orientation followed by (204/220) and (116/312) orientations. No significant peaks of the second phases were found from the XRD results. The sharp XRD intensity of the CIGS films relative to that of the Mo layers exhibited that the as-deposited CIGS films had a favorite crystalline quality. The chalcopyrite structures of the as-deposited CIGS films were thus obtained. However, the films deposited with the different processes exhibited different microstructures. The corresponding SEM images of the surface morphologies and the cross-sectional views of the CIGS films are shown in Figure 6 . In terms of the high-efficiency CIGS solar cells, the Cu-poor compositions of the CIGS films are required for the control of conductivity and carrier density of the CIGS films. However, the incorporation of the Cu-rich period during the deposition of CIGS films can enhance the grain growth, resulting in large grains. As shown in Figure 6 , the CIGS films prepared by the bi-layer and three-stage processes had larger columnar grains than the CIGS films prepared by the single-stage process because the bi-layer and three-stage processes went through the Cu-rich period during the deposition processes. Although the grain sizes of the CIGS films deposited with the single-stage process were relatively small, the CIGS solar cells prepared by the single-stage process still outperformed the CIGS solar cells prepared by the bi-layer process in efficiencies, revealing that grain size is not a dominant factor impacting the efficiency of the CIGS solar cells.
With the large optical absorption coefficients and the sufficient thicknesses for the CIGS films prepared by various co-evaporation processes, there was no significant difference in the short-circuit current densities of the CIGS solar cells in this study, as shown in Figure 6 , but the short-circuit current density of the CIGS solar cell prepared by the three-stage process was still slightly greater than those of the cells prepared by the single-stage and bi-layer processes. In principle, the short-circuit current density can be estimated from the integral of the product of the incident photon flux and the external quantum efficiency (EQE). The short-circuit current density is directly related to the integral of the external quantum efficiency over the wavelength. Thus, the slight increase in the short-circuit current density of the CIGS solar cell prepared by the three-stage process could be attributed to the improvement of EQE in the long-wavelength region from approximately 800 nm to 1100 nm, as shown in Figure 7a . The optical absorption depth of the incident long-wavelength photons is longer than that of the short-wavelength photons. The long-wavelength photons are absorbed away from the space charge region of the CIGS solar cells. The minority carriers generated by the long-wavelength photons in the back region of the CIGS films have to count on the diffusion mechanism to be collected for the contribution to the current. With the Ga contents increased toward the back of the CIGS films prepared by three-stage process, as illustrated in Figure 8 , the bandgap energies in the back region of the CIGS films increased. Thus, a quasi-electrical field [29] was established in the back region of the CIGS films, resulting in the formation of the back surface field (BSF) in the CIGS solar cells. Due to the creation of BSF, the back surface recombination was impeded and the effective diffusion length was enhanced, which were beneficial for carrier collection. Therefore, the cell prepared by the three-stage process had greater values of EQE than the other cells in the long-wavelength region from 800 nm to 1100 nm. Figure 7b shows the absolute values of the first derivative of EQE with respect to the wavelength, namely |dEQE/dλ|. The bandgap energies of the CIGS films were estimated from the local maxima of |dEQE/dλ| [30] [31] [32] . The local maxima of |dEQE/dλ| determined by using a quadratic fit were at the wavelengths of 1072 nm, 1073 nm, and 1082 nm for the CIGS films prepared by the single-stage, bi-layer, and three-stage processes, respectively, as illustrated in Figure 7a [33] . The optical energies corresponding to the local maxima yield E g + E U /2 [33, 34] , where E U is the Urbach energy. Taking the Urbach energy of around 20 meV for the CIGS films [20] , the corresponding bandgap energies of the CIGS films prepared by the single-stage, bi-layer, and three-stage processes were 1.15 eV, 1.15 eV, and 1.14 eV, respectively. The bandgap energies of the CIGS films achieved by this method denote E g , EQE , as shown in Table 3 . In addition, the local maxima at the wavelengths of around 380 nm and 500 nm corresponding to the optical energies of 3.26 eV and 2.48 eV are the bandgap energies of ZnO:Al and CdS layers, respectively, where the ZnO:Al layers are the front contacts and the CdS layers are the buffers for the CIGS solar cells. Table 3 . Performance parameters, diode parameters, GGI ratios, bandgap energies (E g and E g , EQE ) , and open-circuit voltage deficit (E g /q-V OC ) of CIGS solar cells prepared by the two-step, single-stage, bi-layer, and three-stage processes. With similar GGI ratios for the CIGS films deposited by the co-evaporation processes, the corresponding bandgap energies are nearly the same. Nevertheless, the CIGS films prepared by the three-stage process had a double grading bandgap structure, meaning that the bandgap energies at the notch point of the V-shape grading structure had lower values than the effective optical bandgap energies [35] [36] [37] . Thus, the absorption edge of the CIGS films prepared by the three-stage process extended to the longer wavelengths than those of the films prepared by the other evaporation processes, as shown in Figure 7 . With the effects of both improved carrier diffusion length and extended absorption edge, the CIGS solar cell prepared by the three-stage process had greater short-circuit current density than the cells prepared by the other co-evaporation processes, as presented in Figure 6 .
As demonstrated in Figure 8 , the non-uniform Ga distribution around the surface region of the CIGS films prepared by the three-stage process implemented the front grading bandgap structure for the CIGS solar cells, creating a barrier height for the electrons transporting from the CIGS layers to the buffers. The recombination rate in the SCR, which limits the open-circuit voltage of the CIGS solar cells, is reduced by increasing the barrier height for electrons via the increase in the bandgap in the SCR without a significant loss in the short-circuit current density. The formed barrier height created by the incorporation of high Ga content around the SCR suppressed the recombination rate between the CdS and CIGS layers, resulting in an increase in the open-circuit voltage.
The performance parameters, diode parameters, GGI ratios, and open-circuit voltage deficit (E g /q-V OC ) of CIGS solar cells prepared by the two-step and the co-evaporation processes are summarized in Table 3 . The bandgap energies of E g and E g , EQE determined from the GGI ratios and the EQE results, respectively, are listed in Table 3 .
For the extracted diode parameters presented in Table 3 , the diode ideality factors ranged from 1.60 to 1.85, suggesting that the SCR recombination was dominant for these CIGS solar cells. The smaller diode ideality factor of the cell prepared by three-stage process demonstrated the reduced SCR recombination [38, 39] . The diode current density based on the SCR recombination path can be described by [40] 
The contribution of the SCR recombination to the diode current density depends on the parameters of the saturation current density and the diode ideality factor [41] . For the diode ideality factor of 1.60 to 1.69 for the cells prepared by the single-stage, bi-layer, and three-stage process, the decrease in the saturation current density suggests that the SCR recombination was reduced [42] , and hence the junction quality of CIGS solar cells was enhanced [39] . The CIGS solar cell prepared by the three-stage process had the least saturation current density. Consequently, the open-circuit voltage of the CIGS solar cells prepared by three-stage process was greater than that of the cells prepared by the other co-evaporation processes, as shown in Table 3 . On the other hand, since Ga was accumulated in the back of the CIGS film prepared by two-step process, the front region of the films turned into the compound of CuInSe 2 , whose bandgap energy was around 1.03 eV (E g , EQE ), resulting in the least open-circuit voltage and the greatest short-circuit current density. Furthermore, the large values of both the diode ideality factor and the saturation current density implied the low open-circuit voltage of the CIGS solar cells prepared by two-step process as well.
The best surface morphologies were achieved for the films deposited by the three-stage process, as the SEM images show in Figure 6 . With the better surface morphologies of the CIGS films prepared by the three-stage process, a more conformal coverage of the buffers was achieved. The shunt resistance of the cells prepared by the three-stage process had the greatest values among the cells, as depicted in Table 3 . In consequence, the leakage current and recombination current of the CIGS cells were effectively diminished, and the open-circuit voltage of the devices was improved. Thus, superior performance of the CIGS solar cells was attained. As shown in Figure 6 
where J 00 is a prefactor which is proportional to the concentration N of recombination centers in the bulk of the CIGS film [43] . Therefore, the open-circuit voltage deficit decreased with the decrease of the diode ideality factor and the recombination centers. The least value of the diode ideality factor for the CIGS solar cell prepared by the three-stage process led to the smallest loss in the open-circuit voltage among the cells. On the contrary, the cell prepared by the two-step process with the greatest diode ideality factor had the largest open-circuit voltage deficit. The dependence of fill factor on the series resistance, shunt resistance, and diode ideality factor is evident. The CIGS cell prepared by the three-stage process achieved low series resistance, high shunt resistance, and low diode ideality factor. In consequence, the cell had the greatest fill factor. Oppositely, the cell deposited by the two-step process had high series resistance, low shunt resistance, and high diode ideality factor, and thus a poor fill factor.
The cross-sectional views of the CIGS solar cells prepared by the single-stage and the three-stage processes are shown in Figure 9 . Based on the deposition conditions given in Figure 6c In this work, a step-by-step approach to improve the performance of co-evaporated CIGS solar cells prepared by the single-stage and the three-stage process was demonstrated through tuning the critical compositions of the CIGS films prepared by the single-stage process and varying the Ga flux rates during the third stage of the three-stage. The diode parameters of the cells were extracted, and their correlations with the cell performance were analyzed. The mechanisms impacting the device characteristics of the CIGS solar cells prepared by different processes were discussed.
Summary and Conclusions
The two-step and the co-evaporation processes were employed to prepare the CIGS films. The effects of the process parameters on the properties of the CIGS films as well as the fabricated solar cells were investigated. For the two-step process, the impacts of the Se flow rates on the microstructural properties of the CIGS films with low or high Ga content were investigated. The CIGS films prepared at high Se flow rates exhibited improved surface morphology. It is concluded that the evaporated Se rate in vacuum during the two-step process plays a crucial role in determining the surface morphologies of the as-deposited CIGS films, and thus the performance, mainly the open-circuit voltage, of CIGS solar cells. An efficiency of 12.5% for the CIGS solar cells fabricated with the given process conditions has been achieved.
The effects of various co-evaporation processes including the single-stage, bi-layer, and three-stage processes on the properties of the CIGS films were studied. The compactness and chalcopyrite structures of the CIGS films were achieved for all of the evaporation processes. The grain growth of the CIGS films was improved via the incorporation of the Cu-rich period during the deposition of the bi-layer and three-stage processes. The grain sizes of the evaporated CIGS films were not a critical issue in influencing the performance of the CIGS solar cells. In terms of the surface morphologies, the three-stage process provided the better approach, leading to better coverage of the buffers. The grading bandgap structures of the CIGS films were implemented by means of Ga diffusion for the three-stage process, resulting in improvement of the open-circuit voltage and short-circuit current density for the CIGS solar cells. An efficiency of 17.1% for the CIGS solar cells prepared by the three-stage process has been achieved. In-depth analysis of the dominant factors controlling the performance parameters of the CIGS solar cells prepared by the two-step and various co-evaporation processes was presented. 
